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Stimulation of calcium transport by amiloride in mouse distal
convoluted tubule cells
PETER A. FRIEDMAN and FRANK A. GESEK
Department of Pharmacology and Toxicology, Dartmouth Medical School, Hanover, New Hampshire, USA
Stimulation of calcium transport by amiloride in mouse distal convo-
luted tubule cells. This study examined the mechanism by which amiloride
dissociates Na and Ca transport in distal convoluted tubules. Control rates
of Na uptake averaged 288 nmol/(min mg protein) and were inhibited 39%
by jsM amiloride. Amiloride had no effect on Cl uptake. Resting mem-
brane voltage, measured with the voltage-sensitive dye DiOC6 (3), aver-
aged —70 mV. Amiloride hyperpolarized cells in a reversible manner by 18
mV. Control rates of Ca uptake averaged 2.8 nmol/(min mg protein) and
increased by 39% in the presence of amiloride. Alterations of intra-
cellular Ca activity were measured in single cells loaded with Fura2-AM.
Control intracellular Ca activity averaged 100 ni. Amiloride increased
intracellular Ca activity in a concentration-dependent manner to a maxi-
mum of 330 n at ILM amiloride. Amiloride analogues ethylisopropyl
amiloride (EIPA) and dimethytbenzamil (DMB), which preferentially
block Na/H and Na/Ca exchange, respectively, had no effect on Na or Ca
influx or on intracellular Ca activity. The dihydropyridine Ca channel
blocker nifedipine inhibited amiloride-stimulated Ca uptake and the rise
of intracellular Ca activity but had no effect on membrane voltage. It is
concluded that amiloride blocks Na entry mediated by Na channels.
Inhibition of Na entry results in membrane hyperpolarization, which
activates Ca entry by dihydropyridine-sensitive Ca channels.
reduction of the transepithelial voltage [15, 16]. The mechanism
whereby amiloride augments calcium transport is unknown. We
recently reported that, in primary cell cultures, freshly isolated
tubules, and in immortalized distal convoluted tubule cells, thia-
zide diuretics [7, 17] and parathyroid hormone [18, 19] hyperpo-
larize distal convoluted tubule cells and increase free intracellular
calcium by activating a calcium entry mechanism that is sensitive
to dihydropyridine-type calcium channel blockers [17, 20]. We
postulated that since amiloride hyperpolarizes distal convoluted
tubule cells, it would enhance calcium entry by the same mecha-
nism stimulated by parathyroid hormone and thiazide diuretics.
The results show that, in distal convoluted tubule cells, amilo-
ride inhibits Na entry and hyperpolarizes the membrane voltage.
Calcium influx was stimulated and produced a sustained rise of
[Ca2]. Calcium influx, and the rise of [Ca2J1, were inhibited with
dihydropyridine-type calcium channel blockers.
Methods
Preparation and culture of distal convoluted tubule cells
Renal sodium and calcium absorption normally proceed in
parallel [1, 2]. This relation can be conspicuously dissociated by
administration of certain drugs such as thiazide diuretics [3] or
amiloride [4]. Thiazide diuretics, either alone or in combination
with amiloride, reduce renal calcium excretion secondary to
enhanced absorption [5]. This action is generally attributed to the
dual effect of thiazides to inhibit sodium transport while increas-
ing calcium absorption [6, 7]. Such stimulation of calcium trans-
port proceeds in distal convoluted tubules [8], where amiloride
suppresses sodium transport while enhancing calcium absorption
[4, 6, 9—11]. Moreover, there is a high degree of correlation
between the magnitude of inhibition of sodium transport and
stimulation of calcium absorption [6]. These findings suggest that
sodium and calcium transport are functionally linked in distal
convoluted tubules. In the rabbit, similar functions are found in
connecting tubules [12].
Amiloride inhibits sodium transport by distal convoluted tu-
bules and in other epithelial cells by blocking Na channels [10,
13, 14], which results in apical membrane hyperpolarization and a
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Immortalized distal convoluted tubule cells were prepared from
primary cultures of mouse cortical thick ascending limb and distal
convoluted tubule cells isolated by a double antibody isolation
technique [21]. The preparation, subcloning, characterization, and
culture conditions of immortalized mouse distal convoluted tu-
bule cells have been described [7, 19, 21, 22]. These cells exhibit,
in part, the following characteristics: (1) inhibition of sodium and
chloride uptake by chlorothiazide [23, 24]; (2) activation of
adenylyl cyclase by PTH [12, 22]; 1,25(OH)2D3 receptors [25] and
1,25(OH)2D3-induced 24OHase activity [26]. Cell passages 7 to 28
were used in the present study.
Na, C1, and Ca2 uptake
A rapid filtration technique, detailed in previous reports [7, 19],
was used to measure uptake of 22Na, 36Cl and 45Ca2. Briefly,
5 to 6 x 106 cells/60 mm dish were removed by brief ( 5 mm)
treatment with 0.125% trypsin and rinsed with a modified Krebs-
Ringer (KR) solution containing (in mM): 140 NaCl, 5 KCI, 1
CaCl2, I MgCl2, buffered with 18 Tris base and 28 Hepes to pH
7.40 0.01 and 295 1 mOsm/kg H20. The buffer, with or
without amiloride or other inhibitors, (total volume = 100 xl) was
placed in 12 x 75 mm polystyrene tubes. A 50 1.d aliquot of cells
was added for one minute before addition and rapid mixing of a
50 jxl aliquot of 22Na, 36C1, or 45Ca2 to initiate isotope uptake.
All sample tubes were maintained at 37°C in a shaking incubator.
Control experiments indicated that tracer uptake was linear for
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two minutes. In all experiments tracer uptake was terminated after
one minute by rapid addition of ice-cold isosmotic, Li2SO4-Hepes
rinse buffer (140 mivi Li2SO4, 10 mrvi Hepes; pH 7.40, 295 2
mOsmlkg H20) and filtered onto Whatman GF/C filters using a
Millipore 12-port manifold followed by two additional rinses with
Li2SO4-Hepes buffer. Nonspecific binding of isotopes to the filters
and cells was determined in the presence of Li2SO4-Hepes buffer
added to the cells before addition of 22Na, 36CF, or 45Ca2t All
cellular uptake experiments were normalized for protein content,
which was measured by the Lowly procedure on 50 1.d aliquots of
cells [27]. Tracer uptakes are expressed as nanomoles per minute
x mg protein (nmol/min' X mg proteint).
Measurement of free intracellular Ca2 activity ([Ca2])
Cells were grown to near confluence on 25 mm glass coverslips.
Coverslips were rinsed three times with the Krebs-Ringer buffer
and incubated with iO— M Fura-2 AM in 2.5 ml Krebs-Ringer
buffer for 60 minutes at 37°C on a rotating incubator. Coverslips
were then rinsed twice with Krebs-Ringer buffer and placed in a
temperature-controlled chamber of a microincubation system
(37°C; MS-C, Narishige, Greenvale, NY, USA) affixed to the stage
of a Nikon Diaphot inverted microscope. A Nikon Photoscan-2
(Nikon, Inc., Natick, MA, USA) was used to measure fluores-
cence intensity. Interference excitation filters of 340 nm and 380
nm (Omega Optical; Brattleboro, VT, USA) and a 510 nm
dichroic mirror (DM510, Nikon) in series with a 510 5 nm
interference filter (Omega Optical) were employed. Fields of 1 to
3 cells on the cover slip were selected by using a shutter assembly
mounted in front of the photomultiplier tube. Background
autofluorescence in each experiment was measured on the cover-
slip in an area devoid of cells or on cells not incubated with Fura-2
AM. Background fluorescence was typically observed to be <5%
of the total fluorescence of cells loaded with Fura-2. A baseline
recording of [Ca2]1 was obtained prior to addition of amiloride
or other agents. Absolute values of [Ca2]1 for each experiment
were determined as described previously [7, 18, 19] using an
internal calibration procedure and the equation derived by Gryn-
kieiwcz, Poenie and Tsien [28] with an assumed Kd of 224 ns.
Membrane voltage
Fluorescence measurements of membrane voltage were per-
formed with the voltage sensitive probe 3,3'dihexyloxacarbocya-
nine iodide (DiOC6 [3]) as previously described [7, 19]. Distal
convoluted tubule cells grown on coverslips were incubated for 60
minutes with 10—6 M DiOC6 [3]. An excitation wavelength of 490
nm and emission wavelength of 510 nm were utilized. Fluores-
cence intensity was sampled at a rate of 1 point/second. At the
conclusion of each experiment a calibration was performed by a
null-point procedure using graded changes of external potassium
in the presence of 106 M valinomycin [29]. Membrane voltage
was normalized for the average fluorescence intensity during the
control observation period and reported as the ratio F1/F0, where
F1 are the readings during the experimental periods and F0 is the
control observation period.
Materials
Specific reagents were obtained from the following sources:
amiloride (Sigma Chemical Co., St. Louis, MO, USA); EIPA and
nifedipine (Research Biochemicals, Inc., Natick, MA, USA);
valinomycin and ionomycin (Calbiochem, San Diego, CA, USA);
I
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Fig. 1. Effects of 106 M amiloride on 22Na (solid bars) and 36C1
(hatched bars) uptake by immortalized mouse distal convoluted tubule cells.
Bars represent the means SE of triplicate determinations in 5 experi-
ments with 22Na and 4 with 36C1. < 0.01, compared to control levels
of uptake.
Fura2-AM and DiOC6 [3] (Molecular Probes, Inc., Eugene, OR,
USA). DMB was a gift from Merck, Sharp & Dohme (West Point,
PA, USA). Carrier-free 22 Na (10 j.tCi/ml) was from Amersham
(Arlington Heights, IL, USA); 36CY (58 1.tCi/ml) from ICN
Radiochemicals (Costa Mesa, CA, USA); and carrier-free 45Ca2
(1 Ci/m1) from New England Nuclear (Boston, MA, USA).
Chemicals and other reagents were of the highest grade commer-
cially available. Solutions containing drugs were prepared fresh
daily.
Statistical analysis
Isotope uptake measurements were performed in triplicate
within an individual experiment. The data are presented as means
su, where N indicates the number of independent experiments.
Effects of drugs on [Ca2] and membrane voltage were assessed
by paired comparisons within experiments and reported as the
mean SE of N individual experiments. Comparisons between
control and experimental treatment groups were evaluated by
analysis of variance (ANOVA) and post-hoc analysis of multiple
comparisons using the Bonferroni method (Instat; Graph-Pad
Software, CA, USA) or with Newman-Keuls tests using ANCOM
(SciLab; Guilderland, NY, USA). Values of P 0.05 were
assumed to be significant.
Results
Amiloride effects on Na and Cl influx by cultured distal
convoluted tubule cells
The effects of amiloride on Na and C1 entry by distal
convoluted tubule cells are shown in Figure 1 and Table 1. At an
extracellular NaC1 concentration of 140 m and in the absence of
CO2 and bicarbonate, 10_6 M amiloride inhibited 22Na uptake
by 39 3% (P < 0.05), similar to the inhibition reported in an
earlier study [24]. Increasing the amiloride concentration to
iO M caused no significant further inhibition of sodium uptake
(43 4%; data not shown). Amiloride had no effect on 36C1
uptake (Fig. 1), in contrast to chlorothiazide, which inhibits C1
uptake by distal convoluted tubule cells [7, 24]. These results are
consistent with the view that amiloride selectively blocks sodium
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Final
22Na 45Ca2
uptake uptake
[Ca2]nmol min' mg
concentration protein' nM
Control 288 20 2.75 0.24 101 8
Amiloride 10—6 M 175 8 3.83 0.16 332 6
EIPA i0 M 266 38 2.82 0.25 102 6
DMB 5 X i0 M 262 41 2.53 0.16 99 8
N 5 4 3
22Na and 45Ca2 uptake or changes of intracellular Ca2 ([Ca2])
were measured in the absence (control) or presence of amiloride (10—6 M),
ethylisopropyl amiloride (EIPA, 10 M), or dimethylbenzamil (DMB, 5 X
i0 M). Uptake values represent means SE of triplicate determinations
performed in the indicated number of independent experiments. Paired
comparisons of control and drug-induced changes of [Ca2j were deter-
mined in three separate experiments.
ap < 0.01 vs. Control
entry that proceeds by a chloride-independent mechanism in
distal convoluted tubule cells.
Hypeipolarization of membrane voltage by amiloride
Amiloride depolarizes the transepithelial voltage [11, 13—15, 30,
31] and hyperpolarizes apical membrane voltage [13] of distal
convoluted tubules and connecting tubules. To determine if
amiloride affected membrane voltage in cultured distal convo-
luted tubule cells, voltage was measured with the potential-
sensitive fluorescent dye, DiOC6 (3). A representative experiment
is depicted in Figure 2. Amiloride (10—6 M) decreased fluores-
cence intensity, corresponding to hyperpolarization of membrane
voltage, by an average of 28 5%. Upon washout of the drug,
fluorescence intensity returned to control levels. Since membrane
voltage was rapidly and completely reversed when amiloride was
washed out of the bath, the changes of fluorescence intensity were
not due to loss of the dye from the cells or to a toxic effect of
amiloride. The right-hand portion of Figure 2 shows the calibra-
tion protocol, where alterations of DiOC6 (3) fluorescence inten-
sity were recorded at graded concentrations of extracellular K in
the presence of the K ionophore, valinomycin. Resting mem-
brane voltage, which averaged —68 5 mV, was calculated from
the average null-point value for extracellular K (7.9 0.5 mM, N
= 8) and the measured intracellular K concentration of 119 mM
in cultured distal convoluted tubule cells determined in previous
studies [19]. As summarized in Table 2, amiloride hyperpolarized
distal convoluted tubule cells by 18 1 mV (P < 0.001). The
effect of amiloride on membrane voltage provides functional
evidence for the presence of Na channels in distal convoluted
tubule cells and is consistent with the view that 22Na uptake that
was sensitive to inhibition by amiloride (Table 1) was mediated by
these plasma membrane channels.
Effect of amiloride and amiloride analogues on 45Ca2 uptake
and on [Ca2J
Sodium and calcium absorption normally proceed in parallel
[1]. However, inhibition of sodium transport in distal convoluted
tubules in certain circumstances accompanied by enhanced cal-
cium absorption. Costanzo [10] suggested that amiloride, by
blocking Na entry and hyperpolarizing membrane voltage,
Amiloride
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Fig. 2. Hypeipolarization of membrane voltage by amiloride. Distal convo-
luted tubule cells were grown on coverslips and loaded with the potential-
sensitive dye, 3,3'-dihexyloxacarbocyanine [DiOC6 (3)]. Membrane volt-
age was normalized for the average fluorescence intensity during the first
two minutes and reported as the ratio FI/FO. Decreases of fluorescence
intensity indicate relative hyperpolarization of membrane voltage. Addi-
tion of amiloride resulted in rapid membrane hyperpolarization. The
amiloride-induced hyperpolarization was completely reversed upon wash-
out of the drug. A null-point calibration was performed at the end of each
experiment using graded concentrations of external K in the presence of
10_6 M valinomycin and is shown at the right-hand portion of the
recording. Similar observations were made in 7 additional independent
experiments.
Table 2. Effects of amiloride and nifedipine on membrane voltage
Amiloride Nifedipine
Amiloride +
nifedipine
mV 18.1 0.4 17.0
SE 0.8 0.1 2.2
N 8 3 3
Values represent means SE for N independent experiments. Changes
in membrane voltage (z mV) were measured with the potential-sensitive,
fluorescent dye, DiOC6 (3). Cells were exposed to amiloride (10_6 M) or
nifedipine (10 M) along or in combination. Calibration was performed as
described in Methods using grading concentration of extracellular K in
the presence of valinomycin (10—6 M).
would facilitate Ca2 movement into the cell. Since amiloride
reduced the rate of sodium uptake (Fig. 1) and hyperpolarized
distal convoluted tubule cells (Fig. 2) its effects on calcium
transport and on [Ca2]1 were determined. As shown in Table 1,
amiloride significantly increased the rate of 45Ca2 entry from
2.75 to 3.83 nmol/min1 x mg protein' (P < 0.01). The relative
magnitude by which amiloride decreased 22Na uptake (39%) was
identical to the fractional increase of calcium influx, consistent
with the notion that sodium and calcium transport are functionally
linked in distal convoluted tubule cells. Stimulation of calcium
uptake also resulted in sustained elevation of [Ca2]1 (Fig. 3).
Upon addition of 10—6 M amiloride, [Ca2]1 began to increase
within 1.4 0.3 minutes from control levels of 101 8 nM to
reach plateau concentrations of 332 6 nM. [Ca2]1 remained
Table 1. Effect of amiloride and amiloride-analogues on 22Na and
45Ca2 uptake and on [Ca2]1
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Fig. 3. Amiloride-induced increases of free
intracellular calcium ([Ca2]1) activity. [Ca2]1
was measured in single distal convoluted tubule
cells loaded with Fura2 as described in
Methods. After a three minute control period,
10—6 M amiloride was added to the bath and
caused a prompt increase of [Ca2} that was
maintained in the presence of amiloride. Upon
washout of the drug [Ca2]1 returned to control
levels. Subsequent addition of io— M amiloride
cause a comparable elevation of [Ca2]1.
Fig. 4. Specificity of amiloride stimulation of
[Ca2]. Amiloride (10—6 M) reversibly
increased [Ca2]1 as shown in Figure 3.
Ethylisopropyl amiloride (EIPA; 10 M) and
dimethylbenzamil (DMB; 5 X iO M) had no
effect on [Ca2]1. Comparable results were
obtained in two additional experiments.
elevated in the presence of amiloride and, upon washout, re-
turned to control levels. As in the case of sodium uptake,
increasing the concentration of amiloride to i0 M had no
further effect on [Ca2]1 (Fig. 3).
In addition to its potent effect on epithelial sodium channels,
amiloride also inhibits a variety of sodium-coupled transport
processes including Na/H and Na/Ca2 exchange [32, 33]. To
determine the selectivity of amiloride on Na and Ca2 transport
by distal convoluted tubule cells the effect of amiloride was
compared with two of its analogues. Ethylisopropyl amiloride
(EIPA) is a relatively selective and potent inhibitor of Na/H
exchange [34—36], whereas dimethylbenzamil (DMB) is a more
potent inhibitor of Na7Ca2 exchange [32, 33, 37]. As shown in
Table 1, neither EIPA nor DMB had significant effects on 22Na
or on 45Ca2 uptake by distal convoluted tubule cells. Similarly,
neither analogue affected [Ca2]1 (Table 1; Fig. 4). Thus, amilo-
ride rather specifically inhibited Na uptake and increased Ca2
transport by distal convoluted tubule cells.
Amiloride evoked concentration-dependent increases of
[Ca2]1 (Fig. 5). At iO M, amiloride increased [Ca2]1 by 17%
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(P < 0.01). Maximal increases of [Ca2j1 to 332 6 n were
observed with 10—6 M amiloride. Concentrations of amiloride
above 10—6 M that were tested (10 M to i0 M) elicited no
further elevation of [Ca2]1. Half-maximal stimulation occurred at
approximately 3.5 X 108 M. The magnitude of the maximal
increase of [Ca2]1 induced by amiloride is comparable to that
reported with chlorothiazide (50 LM), parathyroid hormone, or
calcitonin [7, 18, 19, 38].
Cellular ently mechanism for amiloride-stimulated Ca2 influx
Parathyroid hormone stimulates Ca2 entry through dihydro-
pyridine-sensitive Ca2 channels in primary cultures of cortical
thick ascending limb plus distal convoluted tubule cells [18] and in
immortalized distal convoluted tubule cells [20]. Thiazide diuret-
ics also stimulate Ca2 entry into distal convoluted tubule cells by
a dihydropyridine-sensitive mechanism [7]. To determine if Ca2
entry stimulated by amiloride was mediated through a similar
dihydropyridine-sensitive mechanism the effects of the nifedipine
on 45Ca2 uptake and [Ca2]1 were determined. Figure 6 shows
that nifedipine alone did not alter [Ca2]1. In the presence of
nifedipine, amiloride failed to increase [Ca2]1. Challenge with
amiloride alone caused a rapid and sustained elevation of [Ca2]1.
Following washout of amiloride, the level of intracellular Ca2
returned to control levels. The effects of nifedipine on amiloride-
stimulated 45Ca2 influx and [Ca2]1 are summarized in Table 3.
In this series of experiments amiloride increased 45Ca2 influx by
an average of 33 5%. Nifedipine alone had no significant effect
on the rate of 45Ca2 uptake by distal convoluted tubule cells but
abolished the stimulation of 45Ca2 uptake by amiloride. Nifedip-
me also inhibited the increase of intracellular Ca2 due to
amiloride. There was no effect of nifedipine alone on intracellular
Ca2. Taken together, the finding that nifedipine abolished the
rise of [Ca2] and inhibited 45Ca2 uptake elicited by amiloride
is consistent with the conclusion that Ca2 entry was mediated by
dihydropyridine-sensitive Ca2 channels.
Sodium and calcium absorption normally proceed in parallel
along the nephron [39, 40]. In humans and in experimental
animals changes of sodium excretion are accompanied by propor-
tionate and corresponding alterations of calcium excretion [2].
However, certain physiologic and pathophysiologic conditions, as
well as pharmacologic treatment, notably with thiazide diuretics,
dissociate the parallel transport of sodium and calcium [4, 6, 10,
41]. Thiazide diuretics increase sodium excretion while decreasing
calcium elimination. The reduction of calcium excretion pro-
moted by thiazide diuretics is useful therapeutically in the man-
of hypercalciuria and nephrocalcinosis [5, 42—44]. Side
1 O effects of thiazide diuretics, including hypokalemia, glucose intol-
erance, and altered serum lipids, limit their utility [45].
Although less extensively studied, amiloride has also been
reported to reduce renal calcium excretion, while causing a
modest increase of sodium excretion [4, 5, 15, 46, 47]. To
characterize the mechanism by which amiloride stimulates cal-
cium absorption, the effect of amiloride on sodium transport and
membrane voltage were first assessed. The data in Table 1 and
Figure 1 demonstrate that amiloride inhibits Na uptake, but not
C1 uptake, by distal convoluted tubule cells. These findings
suggest that amiloride blocks a Na entry mechanism that is
chloride-independent. In contrast, chlorothiazide inhibits sodium
and chloride to an equivalent extent [7]. The inhibitory effect of
amiloride on sodium uptake by distal convoluted tubule cells is
additive to the action of maximally inhibitory concentrations of
chlorothiazide [24], consistent with the view that amiloride does
not block NaC1 cotransport. The absence of an effect of EIPA or
DMB on 22Na accumulation (Table 1) further supports the
specificity of amiloride under the present experimental condi-
tions. It should be noted that EIPA, but not amiloride, blocks
Na47H exchange in distal convoluted tubule cells [24]. Likewise,
DMB inhibits Na/Ca2 exchange in these cells [24, 48].
Amiloride hyperpolarized membrane voltage of distal convo-
luted tubule cells (Fig. 2), similar to its reported effect on apical
membrane voltage of rabbit distal convoluted tubules [14]. Taken
together, the inhibition of 22Na uptake by amiloride and its
action on membrane voltage are consistent with the presence of
amiloride-sensitive Na channels in mouse distal convoluted
tubule cells.
Microperfusion studies in the rat have generally pointed to a
spatial separation of thiazide-sensitive NaCl cotransport to "early
distal tubule," presumably distal convoluted tubules, and amilo-
ride-sensitive sodium transport to "late distal tubules," likely to
represent predominantly connecting tubules [6, 49]. Other studies
report amiloride-sensitive Na channels in distal convoluted
tubules [14, 30, 50, 51] suggesting co-localization of the two
transport mechanisms. The distal convoluted tubule of the mouse
and the rat exhibits a gradual transition to the connecting tubule,
whereas sharp demarcations characterize the transition in the
rabbit [6, 52, 53]. The divergent findings with respect to localiza-
tion of diuretic action may be partially ascribed to anatomical
differences of the distal convoluted tubule between species [54].
Recent evidence clearly localizes mRNA and protein for the
pore-forming, alpha subunit of the amiloride sensitive Na chan-
nel (rENaC) to the distal convoluted tubule of the rat [55]. The
present studies establish that clonal mouse distal convoluted
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Fig. 5. Dose-response relations of amiloride on [Ca2],. Addition of amilo-
ride resulted in dose-dependent increases of [Ca2],. Each point denotes
the mean sa of 4 independent experiments at each indicated
concentration.
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45Ca2 uptake
nmol min1 mg
protein'
[Ca2]1
nM
Control 2.81 0.38 98 13
Amiloride 3.74 0.15 340 12
Amiloride + nifedipine 2.81 0.50 99 15
Nifedipine 2.68 0.32 98 14
One minute rates of 45Ca2 uptake or alterations of intracellular Ca2
([Ca2]) were measured in the absence (Control) and presence of
amiloride (106 M) alone or in combination with nifedipine (10 M).
Uptake values represent means SE for triplicate measurements per-
formed in 6 separate experiments; [Ca21 was determined in 3 indepen-
dent experiments for each treatment.
P < 0.01 vs. control
tubule cells express amiloride-sensitive Na channels, as well as
thiazide-sensitive NaCl cotransport [23, 56].
At 10_6 M, amiloride maximally inhibited Na entry and
stimulated Ca2 transport. Although not shown in Figure 5,
concentrations of amiloride greater than iO M elicited smaller
rises of [Ca2]. This attenuated effect may be due to non-specific
inhibitory actions of amiloride on cellular metabolism or Na,K-
ATPase activity [57, 58], intracellular buffering [59], or blockade
of L-type Ca2 channels at millimolar concentrations of amiloride
[60]. High concentrations of amiloride (10 p.M) have been re-
ported to decrease [Ca2]1 in rabbit connecting tubules [61]. The
effect of amiloride on 45Ca2 uptake and on [Ca2] was specific
since the amiloride analogues EIPA and DMB at 10 to 50 times
greater concentrations, respectively, had no detectable effects
(Table 1, Fig. 4). In the present investigation amiloride stimulated
calcium transport without treatment with parathyroid hormone,
as has generally been reported by others [4]. However, in rabbit
connecting tubules prior treatment with parathyroid hormone was
apparently required to observe the stimulatory effect of amiloride
or trichlormethiazide on calcium absorption [11, 61].
Fig. 6. Inhibition of amiloride-induced increases
of [Ca2']1 by nifedipine. Addition of the
dihydropyridine calcium-channel blocker
nifedipine (10 NI) alone did not alter [Ca2],.
Subsequent addition of amiloride (10—6 M)
failed to increase [Ca2],. Following washout of
the drugs for 12 minutes, a second application
of amiloride in the absence of nifedipine
increased [Ca2]1. Equivalent results were
obtained in two additional experiments.
Three theories have been proposed to account for the dissoci-
ation of Na and Ca2 transport in distal convoluted tubules
induced by amiloride [2, 10]. Walser suggested [2] that reductions
of transepithelial voltage are responsible for enhanced calcium
transport. The decrease of the transepithelial voltage, in turn,
would result in diminished calcium backflux from the peritubular
space into the lumen, thereby increasing net calcium absorption.
However, backfiux of calcium in distal convoluted tubules is
negligibly small [41, 62] and can't explain the effect of amiloride
on net calcium absorption. A second explanation implicates
enhanced basolateral membrane Na/Ca2 exchange as mediat-
ing the increase of calcium absorption [9, 10]. According to this
view, by blocking Na entry amiloride decreases intracellular Na
activity, which enhances the driving force for basolateral mem-
brane Na']Ca2 exchange. The results presented in Table 1 and
Figures 3 and 5 show that amiloride increased [Ca2]1, opposite to
the expected effect if enhanced Na'iCa2 exchange were the
mechanism responsible for the amiloride-induced stimulation of
calcium absorption. Such an inhibitory, but minor, action of high
concentrations of amiloride was shown by Yamasaki et al [611. A
third mechanism proposed by Costanzo [10] envisioned that
inhibition of apical membrane Na channels hyperpolarizes mem-
brane voltage resulting in enhanced calcium entry from the
luminal fluid in to the cell. The results reported herein provide
direct support this mechanism.
According to this scheme, amiloride-induced stimulation of
calcium absorption by distal convoluted tubules involves the
following events: (1) amiloride blocks apical membrane Na
channels; (2) the reduced Na conductance results in hyperpo-
larization of apical plasma membranes; (3) hyperpolarization
activates and increases the driving force for Ca2 entry through
dihydropyridine-sensitive Ca2 channels.
Evidence that amiloride blocks Na channels in distal convo-
luted tubule cells is supported by the data presented in Table 1
and in Figures 1 and 2. Amiloride inhibited Na uptake by 39%
in distal convoluted tubule cells with no detectable effect on C1
uptake. These findings are similar to the reported magnitude of
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Table 3. Effect of nifedipine on amiloride-stimulated 45Ca2 uptake
and [Ca2]1
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inhibition (46%) of sodium transport by amiloride in microper-
fused rabbit distal convoluted tubules [14]. The second step in the
proposed mechanism of amiloride action is hyperpolarization of
membrane voltage. The data Table 2 and Figure 2 show that
amiloride-hyperpolarized membrane voltage by 18 mV. Yoshi-
tomi et al [13] reported that, in rabbit distal convoluted tubules,
amiloride hyperpolarized apical membrane voltage by 7 mV.
Resting membrane voltage in the distal convoluted tubule cells
(—72 mV [7, 19]) measured with fluorescent dyes is comparable to
that measured with glass microelectrodes [63]. The reason for the
difference in the magnitude of the induced hyperpolarization by
amiloride is not obvious. Several possibilities that may account for
the difference include the techniques employed, and differences in
the membrane resistance of intact tubules compared with cells
grown in tissue culture. Irrespective of the difference in the
relative magnitude of the observed effect, amiloride unquestion-
ably hyperpolarizes membrane voltage.
The last part of the proposed mechanism for stimulation of
calcium transport by amiloride involves enhanced Ca2 entry
through dihydropyridine-sensitive Ca2 channels. Recent patch-
clamp experiments demonstrate the presence of dihydropyridine-
sensitive calcium channels in plasma membranes of distal convo-
luted tubule cells [20, 64] that are activated upon membrane
hyperpolarization, which also increases the electrochemical gra-
dient for calcium entry [20]. The data in Table 3 and Figure 6
demonstrate that the dihydropyridine calcium channel blocker,
nifedipine, inhibited amiloride-stimulated increases of 45Ca2
uptake and [Ca2J1, consistent with the view that amiloride-
stimulated calcium entry is mediated by these channels. The
calcium channel blocker nimodipine also caused concentration-
dependent reductions of amiloride-induced increases of [Ca2]1
[65]. The observation that amiloride and hydrochlorothiazide
produce additive effects on renal calcium transport is consistent
with their acting through distinct mechanisms. Thus, although
parathyroid hormone [19], chlorothiazide [7], and amiloride hy-
perpolarize membrane voltage by different mechanisms, they
activate a common calcium entry mechanism that is inhibitable by
dihydropyridine-type calcium channel blockers. Taken together,
the results described herein and those of clearance or microper-
fusion experiments [4, 6, 101 provide unequivocal evidence that
amiloride dissociates calcium and sodium transport. The present
work establishes that the dissociation results from inhibition of
Na entry leading to hyperpolarization of membrane voltage and
stimulation of Ca2 entry through dihydropyridine-sensitive chan-
nels.
Only limited information is available regarding amiloride ef-
fects on renal calcium excretion in humans [5, 46, 47, 66]. The
present study (Fig. 1, Table 1) underscores the functional relation
between sodium and calcium transport by distal convoluted tubule
cells. By extrapolation, the present findings would imply that
adequate delivery of sodium to the site of amiloride action in
distal convoluted or connecting tubules is required for a signifi-
cant pharmacologic action of amiloride on calcium transport.
In summary, the present results show that amiloride inhibits
Na entry and increases Ca2 uptake and intracellular Ca2
activity in distal convoluted tubule cells. Inhibition of Na entry
leads to a membrane hyperpolarization that, in turn, stimulates
Ca2 entry into distal convoluted tubule cells. Amiloride-stimu-
lated Ca2 entry was mediated by dihydropyridine-sensitive Ca2
channels. These results explain the mechanism by which amiloride
dissociates Na and Ca2 transport in the distal convoluted
tubule and augments Ca2 transport in this segment.
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